The lasing threshold and slope efficiency of InAs quantum dot microdisks and photonic crystal L3 micro-cavities change as a function of lasing wavelength and temperature. We report on these dependencies and give explanations. High quality factor (Q), small mode volume (V) photonic cavities embedded with quantum dot (QD) active material have created a lot of interest in the research community. These devices differ from conventional light sources because of their high Q/V values and nanofabricated surfaces near the gain region. In this report, we describe the dependence on the lasing wavelength and operating temperature for microdisks and photonic crystal lasers with InAs quantum dot active regions.
High quality factor (Q), small mode volume (V) photonic cavities embedded with quantum dot (QD) active material have created a lot of interest in the research community. These devices differ from conventional light sources because of their high Q/V values and nanofabricated surfaces near the gain region. In this report, we describe the dependence on the lasing wavelength and operating temperature for microdisks and photonic crystal lasers with InAs quantum dot active regions.
The devices were fabricated in a 220nm thick GaAs membrane in which 5 layers of InAs QDs had been embedded. Secondary electron micrographs of a microdisk and a photonic crystal cavity were shown in Fig. 1 . The photonic crystal cavity uses the L3 structure following [1] . They were optically pumped at normal incidence with a semiconductor diode laser at 850nm wavelength. Details of the sample growth, fabrication, and characterization method can be found in [2] .
(a) (b) Fig. 1 . Secondary electron micrographs of (a) microdisk [3] ; (b) photonic crystal L3 cavity.
Ninety L3 laser cavities were fabricated in an array and characterized. The lattice constant, a, varied from 337nm to 358nm; the hole radii, r, had the values 0.3a, 0.31a, and 0.32a; and the shift distances of the two holes on the ends of the cavity were 0.12a and 0.15a [1] . We recorded the laser threshold pump powers using 8ns pulse width, 0.5% duty cycle pumping conditions in order to reduce heating effects. The threshold pump power values that are the lowest among the devices with similar lasing wavelengths are plotted in fig. 2 . together with the photoluminescence spectrum from an unprocessed region of the same sample. The threshold pump power decreases with increasing wavelength even when the corresponding photoluminescence intensity is decreasing. This indicates that the threshold gain condition determined by the Q of these cavities is much smaller than the maximum gain achievable from the QDs. 0.2 mW threshold incident pump power corresponds to an estimated absorbed threshold pump power of 9µW, which is the lowest value for InAs QD photonic crystal lasers reported to date.
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ITuE4.pdf ) shows the output versus incident pump power behavior at different temperatures for a 3.2µm diameter microdisk and an L3 photonic crystal laser with a lattice constant of 341nm [2, 3] . These devices were operated under similar pumping conditions. Pumping conditions for the microdisk were 24ns pulse width and 1% duty cycle. Pumping conditions for the L3 laser were 16ns pulse width and 1% duty cycle. From the microdisk data, we extracted a characteristic temperature for the threshold T 0, microdisk = 31K, and a characteristic temperature for the slope efficiency T η, microdisk = 65K. We believe that the threshold pump power is predominantly determined by surface recombination, and the low T 0 value is mainly due to the rapid increase of the threshold carrier density outside the QDs with increasing temperature [2] . To confirm this explanation, we calculated the characteristic temperature of the threshold carrier density outside the QDs, T 0, carrier , based on the band structure of the sample. The result was that T 0, carrier is close to T 0, microdisk . Other factors, including the lasing wavelength and photoluminescence spectrum alignment as reported above were not accounted for.
From the L3 laser data, we extracted a characteristic temperature for the threshold of T 0, L3 = 14K, and a characteristic temperature for the slope efficiency T η, L3 = 18K. In this extraction, we have included the fact that the pump light is heating the L3 cavities at 0.19K/pJ, due to its poorly designed heat dissipating structure. This heating rate is obtained from the broadening of the observed spectral width of the laser as the peak pump power or the pump pulse width increases and a simulation on the lasing mode's wavelength shift versus temperature. Fig. 3(b) shows the calculated curves including the heating effect. The model agrees well with the measurement results except at 30 o C where the collected power was too small to obtain a good optical alignment in the experiment. Assuming a carrier capture time into the QDs of 1ps [4] , it is estimated that above threshold the carrier density outside the QDs is not clamped and nonradiative recombination outside the QDs is still the predominant recombination mechanism a149_1.pdf ITuE4.pdf for carriers for both the microdisk and the L3 laser. We expect that the reduction of surface recombination in these InAs QD micro-cavity lasers is important in order to obtain both a low threshold and a high slope efficiency.
In summary, we report the lasing behaviors of microdisks and photonic crystal L3 cavities with InAs QD active material as a function of lasing wavelength and temperature.
